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Annual Technical/Scientific Report

1. Project Period The project period includes October 1, 1986 to

z September 30, 1987. The present report is being filed in August, 1987.

2. Summary

-

The regulation of synaptic reactivity by protein kinase C and its

: substrate proteins has been studied using the long-term potentiation
? paradigm (LTP). In the past year we have studied the effects of protein
S kinase C activators and inhibitors on durability of synaptic reactivity.
‘1 The main conclusion to be drawn is that protein kinase C is necessary but
not sufficient for the enhanced durability. In combination with a neural
: signal, however, PKC demonstrates a profound synergism. Synergism is also
5 observed in the analysis of metal ion regulation of protein kinase C
3 activity. Calcium and zinc interact in their effect on the enzyme in a
& bidirectional manner (see below). [E;“i;-}m5; o
; 3. Statement of Work ? N?F\ .
{ The research objectives during this period were to: i“
> a. Study effects of protein kinase C inhibitors Tﬁ 4
” b. Study activators of PKC in the synaptic zone ;‘ ‘ :
g c. Study metal ion regulation of PKC ; 4
tﬁ 4, Status of Research :
:. Significant accomplishments made during this period were: 114"/
e a. Effect of inhibitors o 1

We used three separate inhibitors of protein kinase C activity,
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A polymyxin B, mellitin and H-7, each with a different mechanism of action.
| Application was made by micro-pressure ejection into the molecular layer of
the dentate gyrus before or after LTP. The major result of this study was
that inhibitors had no effect on the initiation of LTP but completely
A eliminated the enhanced response 10-15 min after its initiation, This
provides strong support for our view that PKC plays a critical role in the
maintenance but not the initiation of LTP.
b. Study of PKC activators (PDBu and oleate)
; A crucial question in the analysis of the role of PKC in synaptic
reactivity is the site of action of the compound. Indirect evidence
suggested a synaptic site since PKC is found in high concentration there.

To assess this view directly we compared application dosages required to

2

facilitate synaptic reactivity duration in the dentate hilus, a nearby

LR N g

site, and the molecular layer of the dentate, 100 micra from the granule
cells, precisely the point where perforant path terminals synapse. We have

found that only 10-16% of the dosage is required when the application,

-
L 20 RS A A 3

iontophoretic or micro-pressure, is made at the synaptic zone. This

provides strong support for the synaptic site of action of these protein

kinase C activators.

. C. Metal ion regulation of protein kinase C activity

Recent evidence describing the primary structure of protein kinase C by

several laboratories indicates several different motifs: ATP-binding,

Ca-binding, kinase domain, zinc “fingers". This suggested the possibility

«Te ate &

that both zinc as well as calcium might regulate protein kinase C activity.
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Since we have recently discovered that protein kinase C can be activated in
the absence of calcium it was now feasible to sstudy the effects of zinc
both in the presence and the absence of calcium. A novel mechanism for
regulating protein kinase C activity was discovered in which zinc ions,
found in highest concentration in the hippocampus, enhance protein kinase C
activity at low calcium levels. At higher levels of calcium, zinc
inhibits. We propose a model of protein kinase C with a low and high

calcium affinity binding sites and a distinct zinc binding site.

5. Articles published, accepted for publication and submitted.
Routtenberg, A., Colley, P., Linden, D., Lovinger, D., and Murakami, K.

K Phorbol ester promotes growth of synaptic plasticity. Brain Research,

1986, 378, 374-378.
Linden, D., Murakami, K., and Routtenberg, A. A newly discovered protein
kinase C activator (oleic acid) preserves synaptic plasticity and

promotes the growth of long-term potentiation. Brain Research, 1986,

379, 358-363.

Gispen, W.H. and Routtenberg, A. (Eds.). Phosphoproteins in the Nervous

System. Elsevier/North Holland, Amsterdam, 1986, pg. 211-234. !

Lovinger, D., Akers, R., Colley, P., Linden, D., and Routtenberg, A,
. Direct relation of synaptic plasticity to phosphorylation of membrane
protein F1l: Potential association with protein kinase C translocation,

Brain Research, 1986, 399, 205-211.

Routtenberg, A. A new theory of Alzheimer's disease. Arts and Sciences,
Northwestern University, 1986, 9, 2-6.
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Chan, S.Y., Murakami, K., and Routtenberg, A. Phosphoprotein F1:

Purification and characterization of a brain kinase C substrate related

to plasticity. J. Neuroscience, 1986, 6, 3618-3627.

Murakami, K., Chan, S.Y., and Routvenberg, A, Protein kinase C activation
by cis-fatty acid in the absence of Ca2+ and phospholipids. J, biol,
Chem., 1986, 261, 15424-15429,

Collier, T.J., Quirk, G.S., and Routtenberg, A. Separable roles of
hippocampal granule cells in forgetting and pyramidal cells in

remembering spatial information. Brain Research, 1987, in press.

Lovinger, D.M. and Routtenberg, A. Protein Fl and protein kinase C may
regul ate the persistence of synaptic potentiation in the hippocampus.
In: Ehrlich, Y.H., Berry, W., and Lennox, R. (Eds.). Molecular
Mechanisms of Neuronal Responsitivity. To appear in: Advances in
Experimental Biology and Medicine, New York: Plenum, 1987, in press.

Ruth, R.E., Collier, T.J., and Routtenberg, A. Topography between the
entorhinal cortex and the dentate septotemporal axis in rats:

[I. Lateral entorhinal projecting cells. J. comp. Neurol,, 1987, in

press.

Routtenberg, A. (1987) Phospholipid and fatty acid regulation of signal
transduction at synapses: Potential role for protein kinase C in
information storage. To appear in: R.J. Wurtman (Ed.). "Alzheimer's
Disease: Advances in Basic Research and Therapies". pp. 1-10.

Nelson, R.B., Friedman, D.P., 0'Neill, J.B., Mishkin, M., and Routtenberg,

A. Gradients of PKC substrate phosphorylation along the primate visual
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cortical processing pathway: Highest levels are in visual memory areas.
Brain Research, 1987, in press.

Akers, R.F. and Routtenberg, A. Calcium-promoted translocation of protein
kinase C to synaptic membranes: relation to the phosphorylation of an
endogenous substrate (Protein F1) involved in synaptic plasticity. J.
Neurosci., 1987, in press.

Snipes, G.d., Chan, S., McGuire, C.B., Costello, B.R., Routtenberg, A.,
Norden, J.J., and Freeman, J.A. Evidence that GAP-43, a growth-related
protein, and Fl, a synaptic plasticity-associated protein, are
identical, J. Neurosci., 1987, in press.

Linden, D., Shew, F.-S., Murakami, K., and Routtenberg, A. Cis fatty acid
regulation of synaptic potentiation: Relation to phospholipase A2 and
protein kinase C activation. J. Neurosci., 1987, in press.

Murakami, K., Whiteley, M.K., and Routtenberg, A. Regulation of protein
kinase € activity by cooperative interaction of ZnZ2+ and Ca2+. J.
Biol. Chem., 1987, in press.

Benowitz, L.l. and Routtenberg, A. A membrane phosphoprotein associated
with neural development, axonal regeneration, phospholipid metabolism,
and synaptic plasticity. Submitted.

Lovinger, D.M. and Routtenberg, A. Synapse specific protein kinase C
activation enhances maintenance of long-term potentiation in rat
hippocampus. Submitted,

Nelson, R.B., Linden, D.J., and Routtenberg, A. Two protein kinase C
substrates and two vesicle-associated phosphoproteins are directly
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correlated with persistence of long-term potentiation: A quantiative
analysis of two-dimensional gels. Submitted.

Nelson, R.B., Hyman, C., Pfenninger, K.H., and Routtenberg, A. Two protein
kinase C substrates directly correlated with persistence of long-term
potentiation in adult rat brain are the major phosphoproteins found in

nerve growth cones. Submitted.

& Chan, S.Y., Nelson, R.B., Murakami, K,, and Routtenberg, A. Protein kinase
" C substrate (Fl) phosphorylation: Phospholipid-independent,

- CA2+-enhanced CIS-fatty acid activation., Submitted.

: Barnes, C.A., Mizumori, S.J.Y., Lovinger, D.M,, Sheu, F.-S., Murakami, K.,
: Chan, S.Y., Linden, D.J., Nelson, R.B., and Routtenberg, A. Selective
4 decline in protein F1 phosphorylation in hippocampus of senescent rats.
g Submitted.

8 Nelson, R.B. and Routtenberg, A. Contrasting roles of a brain specific

* protein kinase C substrate: Has protein F1 evolved a new function in

j CNS of higher vertebrates? In: Proceedings of the IUPS Sateilite

‘5 Symposium on Cellular Mechanisms of Conditioning & Behavioral

: Plasticity (C. Woody, Ed.), Seattle, WA, July 9-12, 1986. In press.

3 Rosenthal, A., Chan, S.Y., Henzel, W., Haskell, C., Kuang, W.-J., Chen, E.,
g Wilcox, J.N., Ullrich, A., Goeddel, D.V., and Routtenberg, A. Primary
!‘ structure and mRNA localization of protein F1, a growth-related protein
- kinase C substrate, associated with synaptic plasticity. Submitted.

! Nelson, R. and Routtenberg, A, The protein Fl/protein kinase C module and
4 neurite growth: Potential utility in facilitating brain
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transplantation, In: Progress in Brain Research (J. Slarek and D.
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Gash, Eds.), Vol. 82, 1988, in press.

6. Personnel

S
A Name Title Dates of Service % Effort
A. Routtenberg Professor/Pl 9/83-present 25%
S. Chan Res. Neurobiologist 2/84-present 25%
K. Murakami Res. Neurobiologist 4/84-present** 25%
P. Colley Grad. Res. Asst. 7/83-present 50%
D. Linden Grad. Res. Asst. 9/84-present 50%
D. Lovinger Grad. Res. Asst. 7/83-present* 50%
R. Nelson Grad. Res. Asst. 7/83-present* 50%
F. Sheu Grad. Res. Asst. 9/85-present 50% E
K. Wong Grad. Res. Asst. 4/86-present 50% :

* - Ph,D. awarded 6/87

** - Assistant Professor, University of Buffalo, September, 1987,
7. Coupling Activities

Colley, P. and Routtenberg, A. Hypothesis: Protein kinase C activation
acts synergistically with a calcium-mediated event to induce

long-lasting synaptic changes in the hippocampus. Soc. Neurosci.,

1986, 12, 1168,
Lovinger, D., Barnes, C.A., Mizumori, S.J.Y., Chan, S.Y., Linden, D.,
Murakami, K., Sheu, F.-S., and Routtenberg, A. Protein Fl, previously A
related to synaptic plasticity, exhibits decreased phosphorylation in 5
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senescent rat hippocampus. Soc. Neurosci. 1986, 12, 1168,

Nelson, R.B., Friedman, D.P., Mishkin, M., and Routtenberg, A. Protein
kinase C substrate phosphorylation in primate cerebral cortex (E.G.
Protein F1) is increased in those stages of the occipitotemporal visual

processing pathway important for information storage. Soc. Neurosci.,

v 1986, 12, 1168.

Y Chan, S.Y., Murakami, KI,, and Routtenberg, A. Characterization of

'; purified protein Fi., a specific protein kinase C substrate retated to
; synaptic plasticity. Soc. Neurosci., 1986, 12, 1168.

: Linden, D.J., Murakami, K., and Routtenberg, A. Oleic acid, a protein

fs kinase C activator, enhances hippocampal long-term potentiation. Soc.
L: Neurosci., 1986, 12, 1169.

; Murakami, K., Chan, S.Y., and Routtenberg, A. Protein kinase C (PKC)

'3 activation by cis-fatty acid is distinct from previously described

? phospholipid and Ca2+ activation. Soc. Neurosci., 1986, 12, 1169,

'Q Snipes, G.J., Freeman, J.A., Costello, B., Chan, S., and Routtenberg, A. A
‘o4 growth associated protein, GAP-43, is immunoiogically and structurally

related to the plasticity associated protein, protein F1l. Soc.
Neurosci., 1986, 422.

Routtenberyg, A. Phospholipid and fatty acid regulation of signal
transduction at synapses: Potential role for protein kinase C in
information storage. Invited Lecture: Fourth meeting of the

International Study Group on The Pharmacology of Memory Disorders

Associated with Aging. Hotel Zurich, Zurich, Switzerland, January
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16-18, 1987.
Colley, P. and Routtenberyg, A. Induction, enhancement and blockade of
hippocampal synaptic potentiation: Dose-dependent effects of phorbol

12,13-dibutyrate (PDBu). Soc. Neurosci., 1986, 13, in press.

Lovinger, D., Wong, K., Murakami, K., and Routtenberg, A. Protein kinase C
(PKC) inhibitors prevent maintenance of hippocampal long-term

potentiation (LTP). Soc, Neurosci., 1986. 13, in press.
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